Introduction
Arrhythmogenic right ventricular dysplasia or cardiomyopathy is a familial disorder characterized pathologically by the progressive replacement of right ventricular myocardium by fibrous and fatty tissue and clinically by malignant arrhythmias. The clinical course is highly variable [1] [2] [3] . The diagnosis remains a challenge, especially in the early stages when patients are frequently asymptomatic. The identification of typical fatty infiltration of the right ventricular free wall by magnetic resonance imaging (MRI) is currently the most frequently used imaging approach to establishing the diagnosis. However, the identification of abnormal deformation properties in the right ventricular free wall using the new ultrasound modalities, regional strain rate and strain ( ) imaging, could offer a new non-invasive approach to characterizing the pathophysiologic changes induced by the replacement of myocardium by fibro-fatty tissue. In this report we present a case of severe arrhythmogenic right ventricular dysplasia in which the findings of ultrasonic strain rate and strain imaging were correlated both with MRI findings and excised heart pathology in a patient with end-stage heart failure who underwent cardiac transplantation.
Case Report
A 50-year-old man with Klinefelters Syndrome (47, XXY) and an 8-year history of progressive cardiac failure associated with episodes of supra-ventricular and ventricular tachycardias was referred for cardiac transplantation after failed medical treatment for end-stage heart failure. He presented initially with palpitations and right heart failure. An MRI study established the diagnosis of arrhythmogenic right ventricular dysplasia with mild right ventricular and right atrial dilatation. At this time, left ventricular dimensions and ejection fraction measured by MRI were normal. Five years later a repeat MRI scan showed marked progression of the right ventricular and right atrial dilatation with increasing right ventricular dysfunction. There was now evidence of a related change in left ventricular function with a moderate increase in left ventricular end diastolic volume (205 ml). However the calculated left ventricular ejection fraction remained unchanged at 55% (again estimated by MRI). Pre-transplantation, both a standard cardiac ultrasound study and a regional ultrasonic strain rate and strain study were carried out and the findings correlated with those of the MRI studies. Following heart transplantation the excised heart underwent correlative pathologic examination to determine whether the degree of impaired function on ultrasound and MRI examinations correlated with replacement of the myocardium by fibro-fatty tissue.
Pre-Transplant Standard Echocardiography
Standard two-dimensional and M-mode echocardiography showed a dilated right ventricule with markedly impaired function. Right ventricular longitudinal shortening (measured by atrioventricular plane displacement) was reduced to one-third of normal (Fig. 1) . The right atrium was severely dilated. The inferior caval vein was dilated with no inspiratory decrease in diameter, indicating markedly elevated right atrial pressure. Doppler forward flow peak velocities across all four cardiac valves were low. This was consistent with the low cardiac output. There was severe low velocity tricuspid regurgitation (<0·5 m/s), indicating nearly equal right ventricular and right atrial systolic pressures. In addition, there was forward flow into the pulmonary artery during most of diastole. This was consistent with a high right ventricular diastolic pressure, which exceeded that in the pulmonary artery.
The left ventricle was only slightly dilated with mildly impaired global function. The longitudinal shortening of the septum was reduced while that of the lateral left ventricular wall was within normal limits.
Pre-Transplant Tissue Doppler Regional Velocity and Strain Rate/Strain Study
Regional myocardial velocities were recorded by both PW and colour Doppler techniques. The regional strain rate/ curves from all standard left and right ventricular segments were extracted from the colour Doppler velocity dataset using the methods previously described [4] . The PW Doppler recordings from the right ventricular lateral free wall demonstrated a moderate decrease in peak systolic velocities as well as an absence of the The regional myocardial pulsed wave and colour Doppler data -(normal vs arrhythmogenic right ventricular dysplasia). In the regional PW velocity curves from the right ventricular lateral wall of a normal control (left) show a gradient in peak systolic velocities whereas this gradient is absent in the arrhythmogenic right ventricular dysplasia patient (right). Peak systolic velocities in arrhythmogenic right ventricular dysplasia are moderately decreased. In the regional colour Doppler velocity and strain curves as well as the velocity and strain rate maps of the right ventricular free wall in arrhythmogenic right ventricular dysplasia were compared with a normal control. Corresponding to the lack of a base to apex velocity gradient in the patient, the strain rate and strain curves show absence of longitudinal shortening. In the colour velocity maps red colours indicate motion towards, and blue away, from the transducer. In the strain rate maps seen below, yellow indicates longitudinal shortening; blue lengthening while green indicates no significant deformation. (Pc-pulmonary valve closure, Po-pulmonary valve opening, Tctricuspid valve closure, To-tricuspid valve opening). normal base to apex velocity gradient [ Fig. 2(a) ]. This suggested that the velocities in this wall were due to overall wall motion (translation, rotation and tethering to the left ventricle) rather than to any longitudinal shortening.
The colour Doppler regional velocity, strain rate and profiles from the right ventricular free and septal walls (basal, mid and apical segments) from the arrhythmogenic right ventricular dysplasia patient were compared with those obtained from an age matched normal control [ Fig. 2(b) ]. The regional systolic velocity gradient between base and apex was absent in the arrhythmogenic right ventricular dysplasia ventricle. Regional strain rates are calculated by estimating the difference in the velocity of two small regions of myocardium within the segment of interest and dividing this by the intervening distance. If a basal region of a myocardial wall is moving faster than a more proximal region and they are both moving in the same direction, the distance between the regions will become smaller.
This means there is longitudinal shortening in this wall. If there is no velocity gradient between the regions, their distance will remain constant and thus there will be no longitudinal deformation. Integration of the regional strain rate curve will give the strain curve. Strain values represent the amount of deformation compared with the previous length of the segment.
The absent velocity gradient in the right ventricular free wall of the patient was associated with either low or zero regional strain rate/ values throughout the cardiac cycle. There was no significant deformation in either the basal, mid or apical segments. In contrast the septal velocity and strain curves of the patient with arrhythmogenic right ventricular dysplasia showed a moderate reduction in regional septal motion and deformation. This was most pronounced in the basal and mid segments. This reduction could be the result of the involvement of the septum in the disease process or of the marked right ventricular cavity dilatation as strain values decrease with increasing cavity dilatation. The regional peak systolic velocities and calculated strain rate/ in the remaining left ventricular walls were within normal limits despite mild left ventricular dilatation.
Correlative MRI Data
The initial MRI scan showed the right ventricle and the right atrium to be moderately dilated with marked thinning of the mid and basal right ventricular free wall Immediately under the atrioventricular ring in the ventricular myocardium a zone of white fibrous tissue is embedded in a larger area of abnormal trabeculation with fatty incorporation (yellow areas above fibrous tissue). Histologically predominant fatty replacement of myocytes and extended endocardial fibrosis(c). Cardiomyocytes bordered by fibrosis and fatty tissue (d).
Regional Function in RV Dysplasia 105 findings a diagnosis of arrhythmogenic right ventricular dysplasia was made. The MRI scan 5 years later (at the time of the correlative echo study) showed a marked progression in the right ventricular and right atrial dilatation with severe TR due to annular ring dilation. The apical segment was markedly trabeculated with no clear myocardial thinning. There was spontaneous echo contrast in the right atrium. Compared with the earlier scan, the left ventricle appeared dilated with impaired radial motion. (Fig. 3) .
Correlative Histopathologic Findings
Inspection of the explanted heart showed thinning of the right ventricular free wall myocardium, mainly in the basal and mid wall segments with widespread myocardial replacement by fatty or fibro-fatty tissue [ Fig. 4(a) ]. The apical segment appeared normal on visual inspection. Cross-sectional cuts of the wall confirmed myocardial thinning predominantly involving the basal and mid segments, with areas of transmural replacement of myocardium by fatty tissue. [ Fig. 4(b) ]. The maximal thickness of right ventricular myocardium was 3 mm. On macroscopic inspection, the interventricular septum and left ventricular walls appeared entirely normal.
Histology demonstrated extensive endocardial fibrosis throughout the entire right ventricular free wall with fatty replacement of myocardial cells throughout 75% of the wall thickness. Focally, this replacement reached the subendocardium. The left ventricle consisted of its normal layers with discrete subendocardial fibrosis. These findings are the histopathological hallmarks of arrhythmogenic right ventricular dysplasia.
Discussion
Arrhythmogenic right ventricular dysplasia is a heart muscle disease predominantly involving the free walls of the right ventricle in which the myocardium is replaced by fatty and fibro-fatty tissue. Following an initial subclinical phase, sudden death often is the first indication of the presence of the disease. The diagnosis of arrhythmogenic right ventricular dysplasia in its early stages remains a clinical challenge and even the recognition of arrhythmogenic right ventricular dysplasia patients with bi-ventricular involvement may be difficult as they may resemble patients with advanced dilated cardiomyopathy [1] . Standard major and minor diagnostic criteria have been proposed based on structural, histologic, ECG and genetic findings [5] . Magnetic resonance imaging is a valuable imaging technique for detecting abnormal free wall morphology. Vertical and horizontal long-axis and short-axis planes allow a detailed inspection of regional wall thinning. T1-weighted spin echo images can demonstrate fat deposits within the myocardial wall while cine MRI can demonstrate any associated right ventricular wall motion abnormalities. However, for either screening a large group of subjects or for the detection of early disease, an MRI examination may not be the optimal technique. Echocardiographic detection of functional right ventricular wall abnormalities, if shown to be sufficiently sensitive and specific, could be a more appropriate imaging approach because of its availability and lower costs. Moreover, in early or mild forms of the disease where the morphological findings may be nonspecific, the development of an alternative imaging approach which could quantify the associated regional changes in right ventricular free wall deformation could be of clinical value. In this regard the ultrasonic quantification of regional radial and longitudinal right ventricular motion and deformation in a healthy normal population has already been described using Doppler myocardial imaging velocity and strain rate/ imaging techniques [6, 7] . In this case of arrhythmogenic right ventricular dysplasia, both MRI findings and subsequent macroscopic inspection suggested the apical region was not involved in the disease process while strain rate/ imaging showed the absence of systolic and diastolic deformation throughout the longitudinal right ventricular free wall. This was confirmed microscopically by the demonstration of extensive subendocardial fibrosis and replacement of myocytes by fatty tissue throughout the entire right ventricular free wall.
This could suggest that assessing regional function by ultrasonic deformation imaging might increase the detection of subclinical disease. Potentially, this could allow strain rate/ imaging to be used for screening of family members of arrhythmogenic right ventricular dysplasia patients and long-term follow-up. However, before any such conclusion is drawn about the potential role of ultrasound deformation imaging as a diagnostic and screening method in arrhythmogenic right ventricular dysplasia, it must be tested in a comparative study with MRI on a broad patient group encompassing the complete range of pathologic substrates.
